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Magnetic field and mechanical stress tunable microwave properties of composites containing Fe-based microwires We report the magnetic field and stress tunable microwave behaviour of microwire-epoxy composites containing Fe-based microwires of different lengths. Observation of a crossover magnetic field at 600 Oe, when the wire length is less than 35 mm, is reasoned to be related to the competition between giant magnetoimpedance and ferromagnetic resonance in addition to the wire's intrinsic properties. Samples containing 25 mm microwires exhibit a linear increase of the permittivity tunability as the tensile strain is increased up to 2.0%. This can be attributed to the longitudinal anisotropy field and the wire alignment under strain. V C 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4869759] Recent progress in integrating amorphous ferromagnetic microwires in electromagnetic absorbers and microwave tunable devices has opened up many new ways of using such heterostructures for frequency-agile technologies. 1 Significant attention has been devoted to the study of their collective response towards external stimuli, i.e., magnetic fields and mechanical stresses, [2] [3] [4] [5] [6] based on the giant magnetoimpedance (GMI)/stress-impedance (GSI) effect. 1 Though long studied, such systems are attracting renewed interest given the potential of current experiments which have showed that the microwave effective permittivity and scattering spectra of polymer composites containing Co-based microwires are significantly influenced by geometrical factors such as the wire alignment related to the resonance position and amplitude 7 and the wire aspect-ratio associated with the demagnetization factor. 8 The wire length is believed to play an important role in driving the microwave behavior of microwire composite systems. Recently, it was argued that a continuous-wire composite system renders the Lorentz model no longer applicable when the wires collectively interact with external fields or applied stresses. 9 In contrast, composites containing long wires can be treated as diluted plasmonic media according to Pendry et al., 10 and the Drude model proves to be effective for the modelling of their effective permittivity dispersion. 9 The paucity of knowledge concerning microwire composites of variable wire length implies that many fundamental questions that are pertinent to the development of multifunctional microwave devices remain unanswered.
Microwave tunable properties of composites containing Fe-based microwires also remain to be investigated since most of the earlier studies were focused on Co-based wires. 11, 12 As is well known, Fe-based wires have electromagnetic properties distinct from those of Co-based wires due to their different domain structures. 13, 14 For instance, the microwave properties of Fe-based wires can be modulated at much higher dc magnetic fields because the inner core with longitudinal anisotropy occupies nearly the whole domain. 1, 15 In another perspective, it is also challenging to study the stress-dependent microwave behavior taking into account the intrinsic properties of Fe-based wires, the residual stress on the wire surface after curing, [16] [17] [18] and the interfacial bonding with polymer matrices. 15 The goal of this Letter is to report the magnetic field/mechanical stress tuned microwave behaviour of microwireepoxy composites containing Fe-based microwires of different lengths. As will be seen, the present study allows us to gain a good understanding of how the wire length impacts on the overall tunable response and how differently the Fe-based wire behaves in the composite from the Co-based one when it is subjected to external fields or mechanical stresses. In particular, we show that (i) a much higher crossover field of composites containing wire lengths less than 35 mm is identified compared with that of Co-based microwire composites; (ii) in the composite containing the long wires of 35 mm, the actual entanglement of wires renders the microwave spectra under field and stress more difficult to model; (iii) contrasting with the Co-based microwire composite, 19 the polymer composite containing 25 mm Fe-based microwires exhibits a stress dependence of the effective permittivity which decreases linearly when mechanical strain is increased.
Experimentally, glass-covered Fe 77 Si 10 B 10 C 3 microwires of total diameter of 20 lm and metallic core diameter of 16.8 lm (provided by TAMAG, Spain) and epoxy (Prime mode. 21 The electromagnetic measurements were conducted with wave propagating vector perpendicular to the samples. Using the Nicolson-Ross procedure for the transformation of the load impedance by a transmission line, e ¼ e 0 À je 00 is determined by the transmission S 21 and reflection S 11 parameters. 21 An error analysis indicates the modest uncertainties in e 0 (<5%) and e" (<1%) for the data. The measurement of e under external dc fields sweeping from 0 to 1000 Oe was performed by placing the microstrip line in between the poles of an electromagnet. 21 Our procedure for measuring e of soft materials during a uniaxial stress along the sample longitudinal direction is reminiscent of the innovative technique described in Ref. 22 . The tensile strain is defined as
Þ=l 0 , where l k and l 0 denote the actual and initial lengths of the samples, respectively. To conduct accurate measurements of e, it is particularly important to account for the residual air-gap between the sample and the line walls. 23 Figure 1 displays the dependence of the real and imaginary parts of e for composites with different wire length l as a function of frequency at zero magnetic bias. Generally, samples with longer wires, i.e., l ¼ 25 and 35 mm, have stronger effective permittivity dispersion. This can be attributed to the fact that these wires which are much longer with respect to the sample width of 10 mm are likely to be entangled after the oven curing process, even forming bundles, leading to a significant increase of the overall electrical conductivity due to the increased wire connectivity in the composites, 24 and consequently of the permittivity. For the zero-field effective e 00 dispersion (Fig. 1) , we observe a resonance peak approximately at 4.0 GHz for a wire length of 15 mm. It is well established that the dipole resonance arises at f ¼ c=2l ffiffiffiffiffi e m p , 25 where c ¼ 3 Â 10 8 ms À1 and e m is the permittivity of the host matrix. By substituting l ¼ 15 mm and e m ¼ 6 for the epoxy matrix, we obtain a resonance frequency of 4.1 GHz, which corresponds to the observed resonance peak (Fig. 1) . The slight difference between these values can be attributed to the residual stress relaxation on the wires after the curing process, 18 and the air gap in between the measuring setup and samples. We note that the above equation indicates an inverse relation between the wire length and dipole resonance. However, with increasing wire length further to 25 and 35 mm, one can observe a blueshift of the resonance peak. To explain this inconsistency, one should note that in this equation l refers to the "effective" wire length along the electrical field E k of the incident microwave (polarized along the sample width direction). 25 Because adhesion from the epoxy phase can contribute to the formation of long wire bundles during the curing procedure, the wires are predominantly oriented along the longitudinal direction, thus decreasing the "effective" length compared to the quasi-random distribution of the short microwires.
The panels (a)-(f) of Fig. 2 display the frequency plots of electromagnetic parameters (S 11 , S 21 , and the resonance frequency f res ) of our samples containing wire length of, respectively, 15, 25, and 35 mm and magnetic bias up to 1000 Oe. First, we observe the opposite behavior for the S 11 and S 21 regardless of the wire length as the magnetic field is increased. Moreover, at lower fields, the reflection maximum and the transmission minimum corresponding to the f res redshifts with increasing magnetic field for the case of wire length less than 35 mm, while at higher fields the transmission and reflection have opposite behaviors. We have previously provided an explanation for this crossover field effect in Co-based wire composites. 20 It appears that crossover field is also at play in Fe-based wire composites. To discuss this effect quantitatively, we plot the field-dependent f res in Figs.  2(g)-2(i) . Interestingly, these graphs allow us to identify the crossover field at 600 Oe for samples containing wires of length 15 and 25 mm, but it does not exist for longer wires (Fig. 2(i) ). Such distinction strongly hints that this effect not only depends on the intrinsic properties of Fe-based microwires, but is also related to the mesostructure, i.e., wire length and distribution. This crossover field is a consequence of the competition arising between the dipole resonance and the ferromagnetic resonance (FMR), i.e., equal to 2.3 GHz. 15 The GMI effect of Fe-based microwires is much smaller than that of Co-based ones but it can be effectively modulated at relative higher magnetic bias. 1 At lower fields, the GMI effect dominates the dipole resonance behavior resulting in the compromise of e and reflection coefficients with increasing field, i.e., Figs. 2(a)-2(c), due to the improved surface impedance. 20 Accordingly, transmission is enhanced, as illustrated in Figs. 2(d)-2(f) . This explains the redshift of the reflection/transmission peaks at lower fields. On the other hand, the FMR prevails at higher magnetic bias, eventually driving the resonance peak blueshifts, thus inducing enhanced eddy current and skin effect because of the drastically mitigated skin depth. 20 One should note that the crossover field of 600 Oe is greatly enhanced compared to that of Co-based wire composites due to the much larger anisotropy field of the Fe-based microwires, also evidenced by the rectangular hysteresis loop shown in Ref. 15 , which implies that a much larger magnetic field is required to saturate the impedance change. In addition, increasing the wire length to 35 mm would make the dipole model no longer applicable and jeopardize permittivity tunability, as evidenced in Fig. 3 , due to the dramatically diminished polarizability. Therefore, FMR dominates the field-dependent behavior of microwire samples containing long wires (l ¼ 35 mm). Consequently, the FMR peak blueshifts linearly according to Kittel's formula as the magnetic field is increased. 26 The tunability ratios [e 0 (H) À e 0 (0)]/e 0 (0) and [e 00 (H) À e 00 (0)]/e 00 (0) of our samples are shown in Fig. 3 for different frequencies (2.5 GHz, 3.5 GHz, and 4.5 GHz). Fig. 3(d) displays a remarkable tunability as high as 200% corresponding to the crossover field of 600 Oe for sample with 15 mm wires at frequency set to 2.5 GHz (i.e., close to the FMR), indicating that FMR modulated by magnetic bias determines the increased tunability. With increasing frequency, the tunability therein is suppressed due to the high skin effect and considerable reflection loss (Figs. 3(e) and 3(f) ). Since the wire volume fraction is constant in our samples, the composite containing 15 mm wires contains the most polarized dipoles, thus having the strongest dynamic response when interacting with electromagnetic waves. We note that the poor fieldtunability observed for the sample containing 35 mm wires is due to the significantly enhanced magnetic and dielectric losses. From the microwave device point of view, it is of utmost importance to improve the field sensitivity when interacting with propagating electromagnetic waves. One expects to obtain higher tunability by a further reduction of the wire length. However, during the curing process very short wires tend to aggregate and cause large magnetic loss due to additional anisotropy field induced by strong dynamic wire interactions. 27 Meanwhile, it has been reported that wire contacts would also decrease the threshold wire amount at which percolation network is formed, thus leading to undesirable high dielectric losses. 28 Another possible approach would be to increase the wire amount. However, one should note that a significantly higher wire concentration would also, according to our earlier work, intensively increase dielectric loss, and consequently reflection. 20 Finally, we discuss the stress tunable microwave behavior of the samples containing microwires with different lengths. For sample with 25 mm Fe-based wires (Fig. 4(b) ), the magnitude of e 0 and e 00 exhibits an almost linear decrease as the strain is increased up to 2% which contrasts with the stress-permittivity behavior previously reported for Cobased wire samples. 19 It was established that the dielectric response can be enhanced by improving circumferential permeability through modifying the surface plasmons. 10 Hence, the dielectric behavior basically arises from the dynamic coupling between the mechanical stresses and the circumferential anisotropy field. However, Fe-based wires have a negligible outer shell domain as opposed to Co-based wires. 1 Therefore, the coupling between the external stresses and the longitudinal anisotropy field of Fe-based wires is detrimental to the formulation of a circumferential field, thus decreasing the dielectric excitation to some degree. To discuss further the strain-tunability relationship, we present in Fig. 5 the k dependence, where k ¼ l k = l 0 , of the relative variation of e 0 ,
GHz and zero applied magnetic field for our samples submitted to a uniaxial strain. Fig. 5 illustrates a linear increase (up to 25%) of the permittivity tunability for the sample containing 25 mm wires as the strain is increased up to 2.0%, i.e., a linear decrease of the effective permittivity as the tensile strain is increased. The most prominent feature is that the sample with wires of 15 mm length has the largest stress tunability, i.e., 45% for k ¼ 1.005. Assuming that the microwave spectrum of e can be approximately described by e ¼ e m þ 4pphai, where p and hai are, respectively, the wire volume fraction (held constant to 0.026 vol.%) and the average polarizability, 3, 7 the negative effect of stress-anisotropy coupling becomes stronger on composite containing 15 mm wires compared to that of longer wires because that short wires would slightly shift towards the longitudinal direction with stress applying, further dwarfing the hai and realizing in additional De. It appears that for 15 and 35 mm wires, the observed e 0 (k) is less intuitive, as also evidenced in the graphs of Figs. 4(a) and 4(c) . For the smaller wires (e.g., 15 mm), we consider that the nonmonotonic dependence of
Þ vs k at low strain is due to the random orientation of the microwires, i.e., it is more unfavorable to orient small wires. In this sense when k > 1.02 we expect to recover the observed linear tunability vs k since the stress-anisotropy coupling increases significantly with large strain. Unfortunately, it was not possible to verify this conjecture because a partial breakdown appears for higher strain due to the fragile nature of polymer composites. For the long wires, i.e., 35 mm, in addition to the mechanisms already discussed we should also consider the effect of the entanglement of the wires. These results point to the importance of the misalignment of the microwires axis with respect to the applied strain direction and/or proper current annealing 29 to the Fe-based microwires for minimizing the such dynamic coupling between the longitudinal anisotropy field and the external stress.
In summary, our results demonstrate the field and stress tunabilities of Fe-based glass-coated ferromagnetic microwires-epoxy composites containing different wire lengths. The crossover field of large permittivity tunability at 600 Oe is reported with applied magnetic bias. This is due to the competition between dipole resonance and FMR. The results also reveal a linear decrease of the effective permittivity effective with increased tensile strain for the sample containing 25 mm wires. This is consistent with the specific domain structure of Fe-based microwires and wire alignment. Overall, such glass-coated ferromagnetic microwireepoxy composites are promising candidate materials with tailored microwave properties for sensing applications. 
